Optical detection methods such as Rayleigh-Brillouin scattering spectrum can be used for physical parameter measurement in solids, liquids, and gas. In this paper, a new method based on spectral characteristics is proposed to realize temperature and pressure retrieval simultaneously in gas. The characteristics of Rayleigh-Brillouin spectrum are firstly utilized to establish the retrieval model by fitting Tenti-S6 line shape with 3Voigt model at different temperatures and pressures, and then deriving the retrieval equations via regression fitting procedure. Through theoretical and measured error analyses, the characteristic retrieval model based on Rayleigh linewidth and the whole linewidth of Rayleigh-Brillouin scattering spectrum is shown to be optimal. Afterward, the retrieval model is verified using the experimental Rayleigh-Brillouin scattering spectra of N 2 and air. The results indicate that, compared with the current method based on the whole linewidth or line shape of spectrum, the proposed method not only produces lower theoretical and retrieval errors but also can simultaneously retrieve the temperature and pressure of gases. The novel retrieval method provides a new idea for obtaining valuable information on gas parameters and promotes the application of Brillouin lidar remote sensing in meteorology and space science.
I. INTRODUCTION
Rayleigh-Brillouin (RB) scattering, as a powerful method for investigating the physical and chemical properties, such as temperature, pressure, and shear viscosity, of an optical medium, has been attracting more and more attention [1] - [3] . Light scattering can be described as the dielectric fluctuation that includes the pressure fluctuations at constant entropy and the entropy fluctuations at constant pressure, and the properties of the medium can be reflected by the RB scattering spectrum [4] , [5] . Therefore, the study of RB scattering is helpful both for understanding the properties of the medium and for real applications in the fields of environmental monitoring, defense industry, and space science [6] - [9] .
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Laser detection based on RB scattering has proved to be an effective way of measuring the parameters of optical fiber and seawater, for which the basic principle is establishing the relationships between the properties of the medium (e.g., strain of the fiber, sound speed, salinity, and bulk viscosity) and the characteristic parameters of RB scattering spectrum (e.g., Brillouin shift, Brillouin linewidth). Based on these relationships, the parameters of the medium can then be retrieved from the RB scattering spectrum. In 2014, Wang et al. [10] proposed a method of simultaneously measuring the temperature and strain in a local and distributed optical fiber sensor system, in which the strain and temperature are calculated using the echo power and Brillouin shift in backward scattering light, according to the photothermal effect of the optical fiber. In a research on seawater, Liang et al. [11] studied the relationships among Brillouin shift and Brillouin linewidth, and the temperature and salinity of the sea water, and then established a retrieval method for measuring the temperature and salinity of seawater simultaneously, which greatly contributes to temperature and salinity remote sensing in seawater.
The Rayleigh and Brillouin scattering spectra in gas are usually overlapped, allowing the global profile of the RB spectrum to be directly obtained instead of the respective spectral characteristics, as in the method described for seawater and optical fibers. Considering this phenomenon, many physical models for describing the RB spectra of gases are created. Currently, the Tenti-S6 model developed by Tenti et al. [12] (1974) is generally considered as the most accurate model for describing the RB spectrum of gas. This model is based on the Wang-Chang-Uhlenbeck [13] equation in molecule collision theory and uses macroscopic transmission coefficients, such as shear viscosity, bulk viscosity, thermal conductivity, and internal specific heat capacity, to describe the microscopic effect in gas. Therefore, through a comparison of the global RB scattering spectrum with the Tenti-S6 model line shape, the physical parameters of the gas can be derived for research [14] .
For instance, in 2014, Witschas et al. [15] , [16] retrieved the temperature of a gas, at an accuracy of 2 K, from the RB spectrum using the Tenti-S6 model in laboratory conditions. In the same year, they showed that the temperature measurements are close to the radiosonde measurements at noon through the temperature profiles from 2 to 15.3 km in outdoor experiments. The temperature difference between the retrieval data and the radiosonde measurements reached up to 5 K below the boundary layer and was smaller than 2.5 K above the boundary layer.
The Tenti-S6 model is helpful for researching the properties of a gas RB spectrum and shows a high agreement with the experimental spectrum, but it is a complex and nonanalytical model that is unable to provide a simple representation of the RB scattering spectrum. Another efficient way of retrieving the gas temperature is by establishing the relationship between the gas properties and the overall linewidth of the RB spectrum. In 2017, the relationship between the temperature of the gas and the overall linewidth of the RB scattering spectrum was researched by Liang et al. [17] . Based on this relationship, the gas temperature can be retrieved, with the errors of temperature retrieval at 2.9 K in N 2 , and 2.5 K in air. The retrieval accuracy meets the requirements for practical application [17] - [20] . In this method, the linewidth can be measured directly, and the pressures of the gases are theoretically calculated according to the barometric height formula [21] , [22] .
For application in real remote sensing, measuring the gas pressure is also necessary even though this pressure can be obtained from the barometric height formula. According to the relationship of the pressure and RB spectral characteristic parameters, the pressure can be retrieved simultaneously with the temperature retrieval method via dual-parameter models, which are expressed as the function set, and each function is composed of two arbitrary characteristics. Therefore, it is not necessary to determine the pressure from the barometric height formula. The key of this concept is the spectral inner components division, which is used to obtain all characteristic parameters from the whole profile of the RB scattering spectrum and express the pressure and temperature of the gas using these characteristic parameters.
To obtain the inner components of the gas RB scattering spectrum, two analytical models, the 3Gaussian (G3) and 3Voigt (V3) models, were proposed by Witschas [23] and Ma et al. [24] , respectively. According to the G3 model, the RB scattering line shape can be expressed using three Gaussian functions, one of which represents the Rayleigh scattering peak and two of which represent two Brillouin scattering peaks. On the other hand, the V3 model uses three Voigt functions to express these three peaks and exhibits a better fitting performance than that of the G3 model. Based on these analytical models, the inner Rayleigh peak and Brillouin peaks can be described, and the corresponding characteristic parameters, such as the Brillouin shift, Brillouin linewidth, and Rayleigh linewidth, can be easily obtained. The theoretical research shows that these characteristic parameters of the RB scattering spectrum are all related to the temperature and pressure of the gas [25] , [26] . However, the properties of these characteristics and the retrieval model based on them have not been researched.
To retrieve the temperature and pressure of gas simultaneously, we firstly obtain the characteristic parameters of the RB spectrum (e.g., Brillouin shift, Brillouin linewidth, Rayleigh linewidth, and the whole RB linewidth) by comparing the Tenti-S6 model with the V3 model for different pressures and temperatures. The dependence of each characteristic on temperature and pressure is then analyzed, and models based on the relationships among the characteristics, temperature, and pressure are established. Afterward, the optimal model is chosen by analyzing the theoretical and measured errors of these models. Finally, the correctness of the optimal model is analyzed using the experimental data.
The new retrieval method can effectively eliminate the error introduced from the pressure formula and obtain the temperature and pressure of the gas simultaneously, thus providing a novel idea for studying the distribution of temperature and pressure resulting from the air flowing and exchanging in the atmosphere. To some extent, this work is of great significance to meteorology and space science research.
II. PRINCIPLES AND RESEARCH METHOD A. GENERAL THEORY AND RETRIEVAL MODEL
RB scattering is produced by the density fluctuations of molecular gas. The RB scattering spectrum contains two parts: a central Rayleigh peak, and two Stokes-and anti-Stokes-shifted Brillouin peaks. When the frequency shift of the two Brillouin peaks is smaller than the linewidth of the Rayleigh peak, the three peaks are overlapped and form a mixed profile, which can reflect in the motion of the gas molecules. Because the molecular motion is related to the temperature and pressure in gas, there will be some relationships between these physical parameters of gas and the characteristics in the RB spectrum, such as Rayleigh linewidth, Brillouin linewidth, Brillouin peaks shift, and linewidth of the whole profile, which can be used for temperature and pressure retrieval in the atmosphere. The relationship between the linewidth of the whole spectrum and the temperature has already been studied [17] . Although the pressure is also related to the linewidth of the whole spectrum, it is not enough to utilize only one characteristic of the spectrum for the simultaneous retrieval of temperature and pressure. Therefore, obtaining the other characteristics is necessary even though these are not easy to determine from the global RB spectrum directly. One way to respectively visualize the spectral parameters is by comparing the simulated RB spectrum generated by the S6 model with the spectra generated by the V3 model, and the fitted characteristics are all shown in Figure 1 as follows.
The V3 model was proposed based on the spectral broadening theory [27] , [28] , aiming to describe the line shape of RB spectral inner components. In the spectral broadening theory, the line shapes of both Rayleigh and Brillouin scattering will be affected by two kinds of broadening effects: homogeneous broadening and inhomogeneous broadening. The former takes on the Lorentzian line shape, and the latter can be expressed as a Gaussian function. When both effects are considered, the Rayleigh peak or Brillouin peak can be characterized as a Voigt profile V(v), which is expressed as the convolution of a Gaussian function and a Lorentzian function, as shown in Equation (1), according to [24] . The symbol * represents the convolution operation, and v represents the optical frequency.
is the Lorentz function and expressed as
where v L and v G are the full widths at half maximum (FWHM) of the Lorentzian and Gaussian profiles, respectively. v c is the central frequency of the Voigt profile. If we set the intensity of the Rayleigh peak to be I R , with v c = v 0 = 0, and the intensity of the Brillouin double peaks to be 1−I R ,
for the Brillouin frequency shift. The form of the RB scattering profile can be shown as Equation (4).
To analyze how the variation law of the spectral characteristics varies with the changes in temperature and pressure, the simulation of the RB scattering spectrum produced by the Tenti-S6 model for different temperatures and pressures was compared with V3 to obtain the spectral characteristic parameters in different temperatures and pressures.
The Tenti-S6 model is a well-known theory for describing the spectral line shape of scattered light in monomolecular gas and has been proved to perform well for N 2 , O 2 , and air gases [5] . To obtain the temperature and pressure retrieval model, the temperature T should be regarded as a dependent variable, while two characteristic parameters X and Y of the spectrum (such as Brillouin shift, Brillouin linewidth, Rayleigh linewidth, or RB spectral linewidth) should be independent variables, and a least-square fitting is used to determine a function f 1 (X, Y). The pressure retrieval model f 2 (X, Y) of gas can be treated the same way. The dual-parameter retrieval model can then be described as Equation (5):
where X and Y represent the two kinds of characteristics of the spectrum, respectively. According to meteorology, in the northern hemisphere and in the lower atmosphere (0 to 15 km of the vertical height) [29] , the typical range of atmospheric temperature is about 210-350 K, and that of the pressure is about 0.1-1.5 bar. With this information taken into account, the spectra of N 2 are firstly simulated using the Tenti-S6 model with temperature from 210 K to 350 K and pressure from 0.1 bar to 1.5 bar, because N 2 is the main component of the real atmosphere, and its property is close to that of ideal gas. In the simulation section, the four kinds of spectral characteristics of each condition are obtained by comparing the RB spectral profile produced by the S6 model with that produced by the V3 model. We can then obtain 225 sets of characteristic parameters in different temperatures and pressures. The Brillouin shift of N 2 is displayed in Table 1 as an example.
Selecting two of the four spectral characteristics at a time, we can get six groups of characteristics that vary as the temperature and pressure changes. These groups are denoted by A (Brillouin shift, Brillouin linewidth), B (Brillouin shift, Rayleigh linewidth), C (Brillouin shift, RBS linewidth), D (Brillouin linewidth, Rayleigh linewidth), E (Brillouin linewidth, RBS linewidth), and F(Rayleigh linewidth, RBS linewidth). Using the least-square fitting method, the analytical formulas of six sets of retrieval models can be obtained according to the method depicted by Equation (5).
For instance, if we choose Group A, the temperature T and pressure P can be expressed as functions of Brillouin shift V b and Brillouin linewidth b of the spectrum, as follows:
All the rest of the groups can be determined in the same way.
B. THEORETICAL ANALYSIS OF RETRIEVAL MODEL FOR TEMPERATURE AND PRESSURE
How the properties of the characteristics depend on the temperature or pressure will affect the accuracy of temperature and pressure retrieval. The concept of retrieval theoretical error, namely the temperature or pressure retrieval error caused by a 1 MHz measurement error in the characteristics, is used to quantify the sensitivity of retrieval models. The model with the minimum theoretical error is chosen for experimental data analysis. The theoretical error of a retrieval model can be derived by calculating the partial derivative of the formulas of the models. When one of characteristics of the selected model, such as X , is fixed, the theoretical errors of T and P on the other characteristic Y can be expressed as ∂T /∂Y · Y and ∂P/∂Y · Y , respectively. Similarly, the theoretical errors of T and P on the characteristic X when Y is fixed are ∂T /∂X · X and ∂P/∂X · X , respectively. X and Y represent 1 MHz measurement errors.
The total theoretical error T of temperature can be expressed as the sum of ∂T /∂X · X and ∂T /∂Y · Y , and the total theoretical error P of pressure can be expressed as the sum of ∂P/∂X · X and ∂P/∂Y · Y . Therefore, the theoretical errors of one point on the model can be expressed as Equation (8) and Equation (9).
In practical applications, the theoretical errors of characteristics corresponding to one point on the model are not always 1 MHz. Generally, four kinds of cases, i.e., (1 MHz, 1 MHz), (−1 MHz, 1 MHz), (1 MHz, −1 MHz), and (−1 MHz, −1 MHz), may occur in the theoretical analysis of model retrieval error; moreover, the probability of occurrence corresponding to each case is unclear until now. Therefore, the upper limitation of the total retrieval error can be used to determine the optimal model, which is of less dependence on the characteristic error. That is to say, Equation (8) and
Equation (9) can be improved as follows:
where N represents the number of points in the retrieval model, namely the 225 sets of error values. The upper limitations of the theoretical errors T max and P max , which represent the mean values of retrieval errors corresponding to each point on the model, can be calculated by the aforementioned operation. For instance, the theoretical error of T on V b and b can be expressed according to Equation (6) and Equation (7), as follows:
In the same way, the theoretical error of P on V b and b can be expressed as follows:
Assigning the value 1 MHz to both V b and b , we can determine that the error of the temperature retrieval model based on Brillouin shift is 0.3059 K, and that the error of the temperature retrieval model based on Brillouin linewidth VOLUME 8, 2020 is 0.1875 K. Meanwhile, the error for the pressure retrieval based on Brillouin shift is 0.0033 bar, and the error for the pressure retrieval based on Brillouin linewidth is −0.0013 bar. Using Equation (10) and Equation (11), we can calculate the maximal theoretical temperature and pressure retrieval error to be T max = 0.4934 K and P max = 0.0045 bar, respectively. Similarly, the errors of the other five groups of retrieval models can be calculated using the same method.
Besides the theoretical retrieval error, the uncertainty can be used to describe the dispersion of retrieval error. From Equations (10) and (11), we can obtain the error function as follows:
where |∂T /∂X | · | X | is denoted as T X , and |∂T /∂Y | · | Y | is denoted as T Y . P X and P Y are treated in the same way. The partial derivatives, ∂Q/∂T X , ∂Q/∂T Y , ∂U /∂T X , and ∂U /∂T Y , can be calculated from the error functions Q and U , respectively. The uncertainties of temperature retrieval error and pressure retrieval error can be written as Equation (18) and Equation (19) , respectively.
In these two formulas, σ T X T Y represent the covariance of |∂T /∂X | · | X | and |∂T /∂Y | · | Y |. σ P X P Y is the covariance of |∂P/∂X | · | X | and |∂P/∂Y | · | Y |, σ T X and σ T Y are the standard deviations of |∂T /∂X | · | X | and |∂T /∂Y | · | Y |, respectively, and σ P X and σ P Y are the standard deviations of |∂P/∂X | · | X | and |∂P/∂Y | · | Y |, respectively. Equations (18) and (19) are too complicated for the partial derivatives, such as ∂Q/∂T X and ∂Q/∂T Y , to be obtained conveniently. Therefore, a similar expression, converted from Equations (18) and (19), for calculating the uncertainty of retrieval error in a time-saving way can be written as follows:
It is known to us that the similar expression can reduce the complexity in calculating the uncertainty of retrieval error on the premise of ensuring accuracy, especially for a retrieval model that consists of more characteristics. Theoretically, the upper limit of the retrieval error and the distribution property can be used to evaluate the possible occurrence of maximal retrieval error. It can be verified that its small value generally represents the optimal model for parameter retrieval in other cases. The maximal theoretical errors and their uncertainties calculated using Equations (10)- (11) and Equations (20)- (21) , respectively, are all listed in Table 2 . It can be seen from Table 2 that the uncertainty of the temperature retrieval error based on Rayleigh linewidth R and whole RB scattering linewidth RBS (Group F) is minimum. The theoretical errors of temperature retrieval from R and RBS are 0.14 K and 0.09 K, respectively, and the maximal error is 0.23 K. In addition, the theoretical errors of pressure retrieval from R and RBS are −0.0018 bar and 0.0020 bar, respectively, and the total maximal error is 0.0038 bar. Although the maximal pressure retrieval error for Group E is less than that for Group F, the practical retrieval error would be larger than that for Group F, because the practical measured error of Brillouin linewidth would be larger than that of Rayleigh linewidth. In other words, for the dual-parameter model, the upper limit of retrieval error in a characteristic model is based on Rayleigh linewidth, and the overall spectral linewidth is minimal when the error of the characteristics is 1 MHz. The accuracy of the retrieval result is acceptable for real remote-sensing applications [16] - [19] .
In the same way, the gas temperature and pressure can also be expressed as functions which consist of more characteristics (i.e., three-parameter or four-parameter retrieval model). The values of their maximal errors and the respective uncertainties are listed in Table 3 and Table 6 . Furthermore, the fitting errors for the optimal group in each table, i.e., Group F, Group J, and Group K, are listed in Table 5 . Table 3 and Table 4 show that the three-parameter model based on Brillouin linewidth, Rayleigh linewidth, and RB spectral linewidth (Group J), and the four-parameter model based on Brillouin shift, Brillouin linewidth, Rayleigh linewidth, and RB spectral linewidth (Group K) are all optimum. In theory, the maximal temperature and pressure retrieval errors for Group J are 0.2624 K and 0.0034 bar, respectively. Meanwhile, the maximal temperature and pressure retrieval errors for Group K are 0.2989 K and 0.0062 bar. It is obvious that the errors of Group J and Group K are approximate to that of the dual-parameter retrieval model (Group F). From Table 5 , we can see that the mean temperature and pressure fitting errors of Group F are minimal compared with those of the other groups, which indicate that Group F is of greater applicability for temperature and pressure retrieval. The dual-parameter retrieval models based on Rayleigh linewidth R and whole RB scattering linewidth RBS (Group F) are expressed as Equation (22) and Equation (23) 
Meanwhile, the three-parameter retrieval models (Group J) were expressed as Equation (24) and Equation (25): The four-parameter retrieval models (Group K), which is based on all characteristics of the RB spectrum, can be expressed as follows:
Retrieval models for air can be obtained the same way as for nitrogen. The equations of dual-parameter retrieval models in air can be expressed as follows: 
The expressions for the three-parameter models can be written as follows:
Certainly, the four-parameter models based on all characteristics can be expressed as
The theoretical analysis shows that the three groups of models that depend on RB spectral characteristics are suitable for deriving the gas temperature and pressure simultaneously. Nevertheless, it can be seen in Table 2 that the maximal retrieval errors and uncertainties for Group F, which is based on Rayleigh linewidth and the whole spectral linewidth, have the minimum values. It can also be seen in Table 5 that the mean values of the fitting errors for Group F are at the minimum. Therefore, Group F is selected for the simultaneous retrieval of temperature and pressure, for whether the gas is nitrogen or air. However, the accuracies of temperature and pressure retrieval are not only influenced by the theoretical errors of the retrieval model but are also related to the measured errors for the RB spectral characteristics. A discussion on the measured errors of characteristics based on the practical RB scattering spectrum, for verifying the correctness of the theoretical analysis, is presented in the next section.
III. EXPERIMENTAL PROCEDURE AND RESULTS

A. EXPERIMENTAL CONDITION AND DATA PROCESSING
The RB scattering profiles were measured using a sensitive setup described in reference [5] . In this setup, a tunable laser (TI: SA) pumped by a MilleniaXs laser and at a power of 10 W produced a stable narrow-linewidth red light with a wavelength of 806 nm. This red light was directed into the doubling cavity and outputted blue light with a wavelength of 403 nm, which was then injected into the gas cell, and 90 • scattered light was collected. Subsequently, the scattered light was projected into the Fabry-Pérot interferometer (FPI), and the RB spectrum was recorded by scanning the FPI through tuning its piezo voltage. Finally, the high-resolution RB scattering spectra were obtained from the photomultiplier tube (PMT) and then sent to a computer for experimental analysis.
The RB spectra we used in the experiment are of a higher signal-to-noise ratio from averaging the several peaks (∼50) of the scattering RB spectra. Here, for the N 2 experiment, the instrumental linewidth (FWHM) of the FPI was 128 MHz, and the free spectral range (FSR), was 7.478 GHz, the frequency sweep span correspond to tens of effective FSRs [5] .
For the air experiment, the instrumental linewidth (FWHM) of the FPI was 140 MHz, and the free spectral range (FSR) was 7.553 GHz. The frequency step of the RB spectrum we obtained was 40 MHz. The FPI we used in the experiment was homemade, and its parameters have been outlined in reference [5] . The temperature of the gas cell is controlled by a heating water cooling system and is measured by two Pt100 platinum resistances [5] . The maximal uncertainty of temperature measurement is less than 0.5 K. The pressure in the gas cell is measured by a pressure vacuum gauge, which was produced by Pfeiffer Vacuum, and its uncertainty is 0.5%. The material of the scattered cell is aluminum to ensure temperature stability for the experimental operation.
In the experiment, the light from the mirror of the gas cell and the inner wall of the cell will produce a narrow central peak for the RB scattering spectrum, which is regarded as the Mie scattering, as shown in Figure 2(a) . Therefore, in this study, the function of V3+Mie is used to fit the RB scattering spectrum of the experimental data to reduce the effect of Mie scattering noise on fitting precision. The experimental RB scattering spectrum at a certain temperature and pressure is then expressed as follows:
where I RB is the intensity of the RB scattering spectrum, and S RB is the RB scattering spectrum, which is represented as a V3+ Mie model. Here, the Mie function can be expressed as the convolution of Dirac delta function [30] and the instrumental function of FPI. Airy(v) is the instrumental function of an ideal FPI, the mirror of which does not have any defects, and can be expressed as Equation (35), according to [30] .
In reality, the imperfection and irregularities on the surface of the FPI mirror cause a change in the intensity transmission and have remarkable influence on the accuracy of the RB spectrum line-shape analysis, which will lead to inaccuracies in the fitted parameters [31] . Additionally, the error between the parameter from fitting S6 with a Voigt function and that obtained from fitting experimental data with a Voigt + Mie function is the main factor that affects the accuracy of the retrieval model. Therefore, removing the instrumental function from the experimental RB spectra of nitrogen and air can reduce the influence of the instrument broadening on the characteristic parameters that are derived. In the process of deconvolution, the experimental RB spectra are treated via fast Fourier transform (FFT) [31] , [32] . According to Equation (34) , the convolution of RB spectral line shape S RB and the spectrum of the instrumental Airy function can be expressed as their individual Fourier transforms, as follows:
where the signals in the frequency regime have been converted into their related formation in k space (k = 2π v).
In this way, Fourier transformations of the RB spectrum and instrumental function are performed, and S RB (v) can be derived via an inverse Fourier transform of S RB (k). Afterward, band-stop filter is used to decrease the noise from the deconvolution in FFT. Finally, the spectrum was compared with the Voigt + Mie function to obtain the inner component of the RB spectrum. The process of deconvolution and the characteristics derived from the experimental spectrum can be visualized as in Figure 2 .
B. ANALYSIS OF CHARACTERISTICS AND SELECTION OF SUITABLE RETRIEVAL MODEL
To the best of our knowledge, the measured error depends on many factors; for instance, the properties of each characteristic and the quality of the RB spectrum are affected by the signal-to-noise ratio (SNR) in different temperatures and pressures. The gas RB spectrum, as shown in Figure 1 , indicates that the proportion of the Brillouin spectrum is less than that of the Rayleigh spectrum, and therefore, the noise interference would result in the measurement error of the Brillouin linewidth.
Another reason is related to the SNR of the Brillouin spectrum, which is decreased with the gas pressure falling. Based on this observation, the measurement of Brillouin linewidth will be inaccurate. In terms of the errors of additional characteristics, such as Brillouin linewidth or Brillouin shift, which were introduced into the retrieval result, the retrieval errors of the three-parameter model (Group J) and fourparameter model (Group K) will be larger than that of the dual-parameter model (Group F), even though the theoretical errors of the three-and four-parameter models are similar to that of the dual-parameter model.
Although the deconvolution could eliminate the influence of FPI on the deviation between measured and theoretical characteristics, the measured errors for Brillouin shift and Brillouin linewidth will increase with the decrease in gas pressure. Therefore, it is necessary to consider the measured error from the experimental RB spectrum when we select the suitable model for gas temperature and pressure retrieval. The N 2 experiment is performed to prove the validity of the retrieval model that was selected, and the deviations between measured and theoretical characteristics from the deconvoluted RB spectrum in the condition of different pressures are visualized in Figure 3 . Figure 3 shows that the Brillouin shift and Brillouin linewidth are of a larger measured error, especially in low pressures. Therefore, the models that contain Brillouin shift or Brillouin linewidth (e.g., Group E, J, K) are not suitable for the simultaneous retrieval of gas temperature and pressure. From a comparison of retrieval models using different numbers of characteristics, two characteristics are determined to be enough to accurately retrieve the gas temperature and pressure, because a larger retrieval error will be introduced from the measured errors of additional characteristics. Therefore, the precision of the dual-parameter retrieval model that depends on the Rayleigh linewidth and RB spectral linewidth indicates that the model is feasible for practical use.
C. RESULTS AND ANALYSIS
The RB scattering spectra of N 2 were measured at room temperature and at pressures of 0.1 bar, 0.3 bar, 0.5 bar, 0.75 bar, and 1.0 bar, corresponding to the pressure values of atmospheric environment at different altitudes, longitudes, and latitudes. Each characteristic of the RB scattering spectrum is obtained by fitting the deconvoluted RB scattering spectrum with the V3+ Mie model. The retrieval value of gas temperature and pressure can then be derived according to the retrieval models from Group A to Group K. The retrieval errors of each model are all listed in Table 6 .
From the retrieval errors in Table 6 , we can see that Group F is optimal, no matter what retrieval model we selected. This conclusion coincides with the theoretical error analysis for each retrieval model. The explicit reason may have resulted from the lower theoretical error for Group F; the dualparameter model could avoid the additional retrieval error caused by the measured errors of additional characteristics in three-or four-parameter models. However, the retrieval errors for Group H and J may sometimes be less than that for Group F, when the measured errors of Brillouin shift and Brillouin linewidth can be decreased. For instance, the measurement of spectral Brillouin shift and Brillouin linewidth could become accurate by means of frequency correction and double-edge molecular technology. Therefore, the threeparameter models (Groups H and J) are also of significance in future research. Nevertheless, because of length limits, Group H and J are not the focus points of this study.
From the results in Table 6 , we can see that the maximum retrieval errors of the model based on Rayleigh linewidth and the whole RB scattering linewidth at 0.3-1 bar meet the requirement for gas detection. The error for temperature retrieval at 0.1 bar, especially, reaches up to 1.56 K, which may have resulted from the RB spectral line shape simulated by the S6 model approximating a Gaussian line shape in a low-pressure situation [24] , [33] , [34] , and the retrieval error would increase by means of the dual-parameter model. However, this error is smaller than the retrieval result derived from the whole linewidth of the spectrum [17] , wherein the error of temperature retrieval is 2.9 K in N 2 , and thus the dualparameter retrieval method decreases the retrieval error by a large degree.
The performance of the dual-parameter model for real atmospheric remote sensing is further researched, and the retrieval results for air from the dual-parameter model in different temperature and pressure conditions are listed in Table 7 . The pressure values adopted in the air experiment are close to 1.0 bar, with the temperatures ranging from 256 K to 340 K, which correspond to real atmospheric situations. The retrieval errors from the method presented in reference [15] , [16] are all listed in Table 7 to interpret the optimal model we proposed for the simultaneous retrieval of gas temperature and pressure.
From the experimental data in Table 7 , we can see that the maximum error for temperature retrieval in the retrieval model based on Rayleigh linewidth and the whole linewidth of RB spectral is 1.202 K, and the maximum error for pressure retrieval is 0.083 bar. The temperature retrieval errors of the S6 line shape are also listed in Table 7 . Compared with the temperature retrieval model based on the S6 line shape, the new method we proposed not only increases the temperature retrieval accuracy but also can realize air temperature and pressure retrieval simultaneously. Generally speaking, this dual-parameter retrieval model under construction is feasible for practical use.
IV. CONCLUSION
This paper is divided into two parts: theoretical simulation and experimental verification. In the simulation part, the characteristics of the RB scattering spectra of nitrogen and air in temperatures ranging from 210 to 350 K and pressures ranging from 0.1 to 1.5 bar were obtained by fitting the Tenti-S6 model with the V3 model. Based on the theoretical error analysis, the retrieval model with respect to Rayleigh linewidth and the whole RB scattering linewidth is determined to be optimal. In the experimental section, when the characteristics of the experimental RB scattering of nitrogen and air are obtained, the Mie scattering noise is considered, and the deconvolution is used to reduce the effect of the instrumental function on the accuracy of the fitted parameters. The errors between the retrieval results from the S6 model and the experimental spectrum are analyzed. For N 2 , the errors for temperature and pressure retrieval can satisfy the requirement for real gas detection, especially in the case of pressure at 0.1 bar, when the error for temperature retrieval reaches only up to 1.56 K, which is lower than the result derived from other methods in low pressure. For air, the maximum error for temperature retrieval is 1.202 K, and the maximum error for pressure retrieval is 0.083 bar. The results show that utilizing the dual-parameter retrieval model to detect the temperature and pressure of gas in laboratory exhibits promise. As for the difference between laboratory conditions and the outdoor environment, further research would be performed on the application of lidar in real atmosphere. Nonetheless, the theoretical method proposed in this article is helpful and greatly promotes the development of Brillouin lidar remote sensing in future.
